Abstract-This paper presents a specially designed third-order resonant circuit intended to achieve fast switching operation for a voltage-source series-resonant inverter using four MOSFET's. The third-order resonant current superimposed on a sinusoidal load current helps to quickly charge or discharge the output capacitance of each MOSFET. This results not only in a reduction of the commutation period which is required to turn the MOSFET on and off, but also in an improvement of the displacement factor at the output of the inverter. Moreover, the third-order resonant circuit acts as a low-pass filter to suppress the parasitic oscillation between line inductance and stray capacitance. The viability and effectiveness of the third-order resonant circuit is verified by a 2-MHz 2-kW prototype inverter developed for a low-temperature plasma generator.
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I. INTRODUCTION
L OW-TEMPERATURE plasma has been applied to surface treatment processes for metallic parts, semiconductor materials, and so on [1] . A high-frequency strong magnetic field produces low-temperature plasma from low-pressure gas and sustains it. A high-frequency power supply of 2-10 kW is required to generate the magnetic field in a frequency range of 2-13.56 MHz, which is too high for conventional semiconductor devices to perform their switching operations. A linear amplifier using bipolar junction transistors (BJT's) or vacuum tubes has been applied to high-frequency power supplies for plasma generators at the expense of efficiency and size.
The emergence of fast switching devices such as power MOSFET's and static induction transistors (SIT's) has made it possible to implement high-frequency inverters for induction heating and plasma discharge surface treating applications [2] - [10] . However, a voltage-source inverter using MOSFET's has the following difficulty of operating at more than 1 MHz: turning a MOSFET on forms a short circuit of an electric charge stored in its inherent output capacitance, thus resulting in increased switching losses. The short circuit induces a voltage surge and current spike phenomenon as a result of the resonance between the output capacitance and a line inductance. To avoid the short circuit, each MOSFET should be turned on after finishing the discharge of the output capacitance. This contributes to degrading the displacement factor at the output of a high-frequency inverter operated at more than 1 MHz because the commutation period, which is required to completely discharge the output capacitance, can no longer be negligible. Operating the inverter at a poor displacement factor is accompanied by increased voltage and/or current ratings, so that the inverter efficiency goes down. Moreover, a nonnegligible difference exists in the output capacitance among four MOSFET's used in a single-phase Hbridge voltage-source inverter. This may induce differences in the rise time of each MOSFET and in the magnitude of voltage surge appearing across each MOSFET. Connecting a lossless snubber capacitor in parallel with each MOSFET results in adjustment-free operation without voltage surge, although the displacement factor at the output of the inverter also decreases as the capacitance of the snubber capacitor is increased. This paper proposes an approach for improving the highfrequency performance of a voltage-source series-resonant inverter using four MOSFET's for very high-induction heating applications. This inverter is characterized by connecting a third-order resonant circuit at its ac terminals, which enables the output capacitance of each MOSFET to be discharged more quickly. This results not only in a reduction of the commutation period, during which all the four MOSFET's and diodes remain off, but also in an improvement of the displacement factor at the output of the inverter. The minimum commutation period is as short as the rise or fall time of the MOSFET. Experimental results obtained from a 2-MHz 2-kW voltage-source series-resonant inverter for a low-temperature plasma generator, along with analytical results, verify the viability and effectiveness of the third-order resonant circuit introduced in this paper.
II. SWITCHING OPERATION CONSIDERING THE
OUTPUT CAPACITANCE OF MOSFET MOSFET. Before commutation, MOSFET's and are conducting, and the direction of the load resonant current is as shown in Fig. 2(a) . Under the conditions, the voltages across output capacitors and are zero, while those across and are equal to the dc-link voltage Turning and off starts the commutation process, and the switching mode changes to Fig. 2(b) . During commutation, the load resonant current discharges and while it charges and When the voltages across and reach and those across and become zero, freewheeling diodes and start to conduct as shown in Fig. 2 (c). After the direction of changes, and conduct as shown in This means that a time interval, which is known as the commutation period, is required for the discharge of the output capacitance. In addition, the inverter should be operated with a lagging displacement factor. If and are turned on before completing the discharge, the voltages across and go down to zero, while those across and being off go up to quickly. As a result, and are shorted out through and respectively. Thus, a large amount of current spike, which is a sum of the discharge currents of and and the recovery currents of and would flow through and being turned on. A surge also appears in the drain-to-source voltage due to the resonance between the output capacitance and the line inductance. To avoid such a short circuit, and should be turned on after completely discharging the output capacitance. This contributes to degrading the displacement factor of the highfrequency inverter operated at more than 1 MHz, because the commutation period required for the discharge can no longer be neglected as the operating frequency increases. Fig. 3 shows the waveforms of the inverter output current and the drain-to-source voltage taking into account the output capacitance of each MOSFET. Assuming that the direction of changes at and the rms value of is is represented as (1) Note that and are turned off at and freewheeling diodes and start to conduct at Since half of the load current flows through the output capacitance of during commutation (b), the drain-to-source voltage is given by (2) where is the output capacitance of the MOSFET. This implies that has a peak value at and that the peak value can be adjusted by the turn-off leading time The drain-to-source voltage is required to reach before to avoid the short circuit of the output capacitance. Thus, the minimum value of the turn-off leading time is given by (3) When and are turned off at and and are turned on at all the MOSFET's and diodes achieve zero-voltage switching without forming any short circuit. Moreover, no recovery current flows in the freewheeling diodes because no diode conducts during the commutation. The turn-off leading time however, should be tuned for each leg due to a nonnegligible difference in the output capacitance among the four MOSFET's. In practical applications, it is difficult to individually adjust the turn-off timing for every MOSFET. Connecting a lossless snubber capacitor in parallel with each MOSFET results in adjustmentfree operation, although the displacement factor at the output of the inverter also decreases as the capacitance of the snubber capacitor is increased. Fig. 4 shows the system configuration of a 2-MHz 2-kW voltage-source inverter for a low-temperature plasma generator. The main circuit of the inverter is a single-phase H-bridge voltage-source inverter using four MOSFET's (2SK2057: TOSHIBA). The ratings and electrical characteristics of the MOSFET's are summarized in Table I . The body diode of the MOSFET is used as a freewheeling diode, so that no external diode is connected. A lossless snubber circuit connected to each MOSFET consists of only a 470-pF capacitor without any resistor or diode. The main series-resonant circuit is connected to the ac output of the inverter through a specially designed third-order resonant circuit and a step-down transformer with a turns ratio of 10:1.
III. SYSTEM CONFIGURATION
A third-order resonant inductor is directly connected in series between the inverter and the transformer, while a thirdorder resonant capacitor is connected in parallel with the primary windings of the transformer. The resulting third-order resonant current superimposed on a sinusoidal load current helps to achieve quick charge/discharge of the output capacitor of each MOSFET.
When the third-order resonant circuit is disconnected, a parasitic resonant current flows whenever the commutation occurs, because the lead inductance and the winding capacitance of the transformer constitute a resonant circuit. The third-order resonant circuit acts as a low-pass filter for frequencies higher than the third-order harmonic frequency. The steep change in occurs in the left of the third-order resonant circuit, whereas a slow change occurs in the right. The third-order resonant circuit, therefore, has the value-added function of suppressing such a parasitic resonance.
The main series-resonant circuit consists of a water-cooled seven-turns coil and a high-frequency mica capacitor A quartz tube filled with argon gas, the diameter of which is 50 mm, is inserted into the resonant inductor A highfrequency magnetic field produced by the 2-MHz resonant current establishes and sustains a low-temperature plasma in the quartz tube.
IV. FAST SWITCHING OPERATION USING THIRD-ORDER RESONANT CIRCUIT
The aim of the third-order resonant circuit proposed in this paper is to realize a fast discharge of the output capacitance by superimposing a third-order resonant current on the firstorder (fundamental) load resonant current. The third-order resonant circuit allows the individual MOSFET's to perform fast switching without any voltage surge or current spike. However, and in Fig. 5 are nearly equal to those under the assumption that the inverter output voltage is a square waveform, because the rise and fall times and the commutation period produce little effect on the fundamental and third-order harmonic voltages. Invoking the above assumption yields the following equations:
The fastest is achieved by placing the peak of the third-order resonant current at the zero voltage crossing. This needs a 90 phase shift between and The third-order component is in phase with , since is defined as shown in Fig. 5 . Disregarding the resistance in the third-order resonant circuit leads to the third-order resonant current as follows: (6) Note that the impedance to the right of the third-order resonant capacitor can be neglected in deriving (6) , because the main resonant circuit exhibits a high-enough impedance for the third-order resonant frequency.
The third-order resonant current lags by 90 with respect to the third-order harmonic voltage in other words, reaches its peak value at the zero voltage crossing. The inverter output current has a quasi-trapezoidal waveshape shown in Fig. 5 due to the superposition of the third-order resonant current This results in fast charge or discharge of the output capacitance because is larger than the load resonant current during the commutation. The third-order resonant current makes it possible to increase the current only during the commutation without any increase of the peak value of because the peak value of appears at the zero voltage crossing. The third-order resonant circuit therefore, should be tuned at a frequency slightly lower than three times as high as the operating frequency. Accordingly, the third-order resonant circuit acts as an inductive impedance which draws the third-order resonant current lagging by 90
V. DESIGN STRATEGY OF THIRD-ORDER RESONANT CIRCUIT

A. Design Strategy
The inverter output current is a sum of the load resonant current and the third-order resonant current given by (7) where and are the rms values of the load resonant current and third-order resonant current and is the phase difference between and so that is the displacement factor at the output of the inverter.
The inverter output current is required to charge or discharge the output capacitance and snubber capacitor in the upper and lower arms during the commutation period This requirement is represented as (8) where is the electric charge stored in and Accordingly, the amplitude of the third-resonant resonant current should be decided as (9) In order to let the commutation finish at the instant that the load resonant current is zero, the duration of the commutation period should be set to As a result, is obtained by (10) By substituting (10) into (6), the impedance of the resonant circuit with respect to the third-order resonant frequency is determined as (11) One should choose an optimum value of and under a compromise or a tradeoff between a voltage drop across and a leading current flowing into If the capacitance value is large, the inverter would operate at a leading displacement factor. On the contrary, if the capacitance value is small, the inductance value of is large, which causes the nonnegligible voltage drop for the fundamental frequency. 
B. Evaluation in Experimental System
In the experimental system shown in Fig. 4 , the resonant frequency of the load resonant circuit is 2.1 MHz, the rated resonant current is 9 A in rms value, and the dc-link voltage of the inverter is 200 V. Connecting a lossless snubber capacitor of pF in parallel with each MOSFET, the electric charge stored in the output capacitance of the MOSFET and the snubber capacitor is given by C The commutation period should be made longer than the rise and fall times of the MOSFET used. If the commutation is shorter, it would yield increased switching losses because the load resonant current would flow through the MOSFET's, even during the commutation period. Thus, the commutation period is set to ns, which equals the fall time of the MOSFET used in the experimental system. From (10), the amplitude of the third-order resonant current is equal to 4.6 A in rms value. Thus, the resonant inductor and capacitor of the third-order resonant circuit and should be designed as Assuming that in (10), the displacement factor at the output of the inverter, equals 94%. Fig. 6 shows an equivalent circuit when both third-order resonant and load resonant circuits are connected, taking into account the turns ratio of the matching transformer. The equivalent reactor of the load resonant circuit is equal to and the equivalent capacitor equals where is the turns ratio of the matching transformer. The magnetizing inductance of the matching transformer can be ignored in Fig. 6 because the magnetizing current is too small at an operating frequency as high as 2 MHz. The leakage inductance in the matching transformer is also neglected because it is much smaller than . A line inductance of H exists between the inverter bridge and the matching transformer, and the matching transformer has a parasitic capacitance of pF in its primary windings. Taking into account the line inductance and the parasitic capacitance, the third-order resonant reactor is set to 1.4 H, and the third-order resonant capacitor to 330 pF. Thus, the resonant frequency equals 5.1 MHz. The impedance of the third-order resonant circuit is given by Thus, the leading current flowing into the third-order resonant capacitor is A which is less than 1/10 of the load resonant current. The voltage drop appearing across the third-order resonant reactor is negligible because is only 2% of the load resonant reactor.
The effect of change in the operating frequency on the amplitude variation is discussed below. Assume that the load resonant current is decreased by 1/2, due to a frequency change. In this case, an increase in the operating frequency is only 1.7% because the load resonant circuit has a high quality factor of in the experimental system. The impedance of the third-order resonant circuit equals This means that the variation in the third-order resonant current decreases by only 10%, even if such a large frequency change occurs, because the third-order resonant circuit is used in a frequency range where the circuit has an inductive impedance. Fig. 7 show experimental waveforms in the case of disconnecting the third-order resonant circuit. The inverter output current includes an oscillating current of 15 MHz because of a parasitic resonance between the line inductance and the stray capacitance in the matching transformer. A surge appears in the drain-to-source voltage because the MOSFET's are turned on before the discharge of the output capacitance. In Fig. 7 , both rise and fall times are about 80 ns, and the displacement factor is 88%. Fig. 8 shows experimental waveforms in the case of connecting the third-order resonant circuit. Since the third-order resonant current is superimposed on the load resonant current, the inverter output current has a quasi-trapezoidal waveshape without any parasitic oscillation. No surge appears in the drain-to-source voltage because the third-order resonant current perfectly discharges the output capacitance before the corresponding MOSFET's are turned on. The rise and fall times are 40 ns in Fig. 8 , which equals half of those in Fig. 7 . This indicates that a displacement factor as high as 97% is achieved by connecting the third-order resonant circuit. The dc input power of the inverter is 1800 W, and the high-frequency output power is 1690 W. Thus, the inverter efficiency is 94%, which confirms that the inverter performs a zero-voltage switching operation, even at a frequency as high as 2 MHz. Fig. 9 shows experimental waveforms when any lossless snubber capacitor is not connected. The rise and fall times in Fig. 9 equal 20 ns because the inverter output current charges or discharges only the inherent output capacitance of each MOSFET. However, a surge appears in the drain-tosource voltage Note that the voltage surge magnitude in one leg is different from that in the other leg because of the differences in the output capacitance between the two MOSFET's. Moreover, a small error of the turn-off time may produce a large voltage surge, compared with the case of connecting the snubber circuit. Thus, an adjustment of the turn-off time for each leg is required to reduce such a voltage surge. It is, however, difficult to perfectly adjust the turn-off time in a practical application.
VI. EXPERIMENTAL RESULTS
Figs. 10 and 11 show states of low-temperature plasma generated by the inverter. Low-pressure argon gas is injected in the quartz tube and the output power of the inverter is adjusted by varying the dc-link voltage in this experiment. After the plasma becomes hot, the quality factor of the main resonant circuit decreases from 40 to 10.
VII. CONCLUSION
This paper has proposed a voltage-source series-resonant inverter equipped with a third-order resonant circuit for the purpose of achieving a fast switching operation. The design strategy and practicability of the third-order resonant circuit have been discussed theoretically and experimentally. The third-order resonant current superimposed on a sinusoidal load current plays an essential role in achieving quick charge and discharge of the output capacitance of each MOSFET.
The main advantages of the proposed inverter equipped with the third-order resonant circuit appear to be the following. 1) Experimental results show a switching operation as fast as 40 ns and a displacement factor as high as 97% with neither voltage surge nor current spike.
2) The connection of the third-resonant circuit only causes a slight increase in the rms current, but does not cause any increase in the peak current of the MOSFET.
3) The third-order resonant circuit has the value-added function of suppressing the parasitic oscillation which comes from the lead inductance and the parasitic capacitance existing in the matching transformer. 4) An inverter efficiency as high as 94% at 2 MHz is obtained from the experiments, owing to the proper zero-voltage switching operation. 5) The 2-MHz 2-kW prototype system has succeeded in generating the stable low-temperature plasma.
